AMPA-type glutamate receptors (AMPARs) mediate excitatory neurotransmission at neuronal synapses, and their regulated localization plays a role in synaptic plasticity. In C. elegans, the PDZ and PTB domain-containing protein LIN-10 is required both for the synaptic localization of the AMPAR subunit GLR-1 and for vulval fate induction in epithelia. Here we examine the role that different LIN-10 domains play in GLR-1 localization. We find that an amino-terminal region of LIN-10 directs LIN-10 protein localization to the Golgi and to synaptic clusters. In addition, mutations in the carboxy-terminal PDZ domains prevent LIN-10 from regulating GLR-1 localization in neurons, but do not prevent LIN-10 from functioning in the vulval epithelia. A mutation in the amino-terminus prevents the protein from functioning in the vulval epithelia, but does not prevent it from functioning to regulate GLR-1 localization in neurons. Finally, we show that human Mint2 can substitute for LIN-10 to facilitate GLR-1 localization in neurons, and that the Mint2 amino-terminus is critical for this function. Taken together, our data suggest that LIN-10 uses distinct modular domains for its functions in neurons and epithelial cells, and that during evolution its vertebrate ortholog, Mint2, has retained the ability to direct AMPAR localization in neurons.
INTRODUCTION
The polarized trafficking and subcellular localization of specific synaptic proteins within neurons directs the flow of information within the nervous system. The localization of one synaptic component in particular, the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-type ionotropic glutamate receptor (AMPAR), to the postsynaptic density is a highly regulated process. AMPARs are gated by the neurotransmitter glutamate, and mediate the bulk of excitatory transmission in the CNS. The mechanisms underlying synaptic plasticity stem, in part, from both the modulation of activity of these channels, and the physical movement of these channels into and out of the synapse .
One of the primary ways by which neurons regulate glutamate receptor activity is by regulating the amount of these receptors that reach the synaptic membrane surface (Bolton et al., 2000; Gomes et al., 2003) . AMPAR subunits (up to 4 in mammals, referred to as GluR1-R4; 2 in C. elegans, referred to as GLR-1 and GLR-2) are multi-transmembrane spanning proteins that assemble into tetrameric channels of differing subunit composition (Hollmann and Heinemann, 1994; Dingledine et al., 1999) . Our current understanding of how AMPARs are mobilized within cells has focused on the proteins that interact with the cytosolically-exposed carboxyterminal sequences of AMPARs. Different combinations of subunits present distinct arrays of carboxy-terminal sequences, resulting in a specific pattern of localization for a given receptor subunit combination. For example, heteromeric channels of GluR1/GluR2 are brought to synapses in response to activity, whereas heteromeric channels of GluR2/GluR3 exchange into the synaptic membrane constitutively (Shi et al., 1999; Hayashi et al., 2000; Passafaro et al., 2001; Shi et al., 2001) .
To better understand how AMPARs are trafficked out of the cell body and localized to synapses, we observed the subcellular localization of channels containing the AMPAR subunit GLR-1 in C. elegans. Chimeric GLR-1 receptors containing the green fluorescent protein (GLR-1::GFP) have been used to visualize glutamate receptors in living nematodes (Rongo et al., 1998) . GLR-1::GFP is localized to clusters at neuronal synapses in a manner that is dependent on Ca 2+ signaling and the PDZ domain-containing protein LIN-10, although the mechanism of this localization is unclear (Rongo et al., 1998; Rongo and Kaplan, 1999) . In addition, the synaptic abundance of GLR-1::GFP is regulated by the ubiquitination and subsequent endocytosis of the GLR-1 subunit (Burbea et al., 2002) .
Although LIN-10 was found to be required for GLR-1 localization in neurons, mutations in lin-10 were originally identified based on their failure to induce vulval differentiation from a set of equipotential epithelial cells, suggesting that LIN-10 functions both in epithelial cells and neurons (Rongo et al., 1998; (Kim and Horvitz, 1990) . In lin-10 mutants, the LET-23 epidermal growth factor receptor (EGFR), a key component in vulval induction, is not correctly localized to the basolateral surface (Whitfield et al., 1999) . LIN-10 is thought to facilitate LET-23 localization and vulval induction by forming a tripartite complex with two additional PDZdomain-containing proteins, LIN-2 and LIN-7 (Hoskins et al., 1996; Simske et al., 1996; Kaech et al., 1998) . The LIN-7 PDZ domain directly binds to the carboxy-terminal PDZ recognition motif in LET-23 in vivo as compensatory mutations in the LIN-7 PDZ domain and LET-23 PDZ recognition site can function together to facilitate LET-23 localization . LIN-2 in turn can bind to LIN-7, although this is not mediated by PDZ interactions . Indeed, the role of the LIN-2 PDZ domain is unknown; however, the PDZ domain of its mammalian ortholog CASK can bind to neurexin and syndecan, and it has been suggested that syndecan, a heparin sulfate proteoglycan, might act to present growth factor ligands to receptor tyrosine kinases like LET-23 (Hata et al., 1996; Hsueh et al., 1998) . Thus, LIN-2 might also facilitate vulval induction by colocalizing a syndecan with LET-23 (Hsueh et al., 1998) .
Finally, LIN-10 has been shown to bind to LIN-2 via an amino-terminal domain known as the CASK/LIN-2 Interaction Domain (hereafter referred to as CID) Okamoto and Sudhof, 1997; Borg et al., 1998a; Borg et al., 1998b; Rongo, 2001 ).
Several pieces of evidence suggest that LIN-10 is unlikely to be using LET-23 signaling as a mechanism to regulate GLR-1 localization in neurons. First, LET-23 is not expressed in the GLR-1-expressing neurons (Rongo et al., 1998) . Second, whereas LIN-2 and LIN-7 are essential for vulval induction, they are not required for GLR-1 localization in neurons (Rongo et al., 1998) . Thus LIN-10 might interact with a different set of PDZ proteins to recognize GLR-1.
Alternatively, LIN-10 might function in neurons in a different manner than the mechanism by which it functions in epithelia (Rongo et al., 1998) .
LIN-10 contains multiple protein-protein interaction domains. A similar domain structure is shared by two potential vertebrate orthologs of LIN-10, called Mint1 and Mint2, which are expressed exclusively in mammalian brain (reviewed in (Rongo, 2001) ). LIN-10,
Mint1
, and Mint2 all have a single carboxy-terminal PTB domain and two carboxy-terminal PDZ domains (~85% amino acid identity for these 3 domains). PTB domains bind to an NPXY motif often found in phosphoproteins, whereas PDZ domains typically bind to carboxy-terminal residues at the end of receptors and other membrane proteins (reviewed in (Margolis, 1999; Garner et al., 2000) ). LIN-10 and the Mints differ most in their amino-terminal domains (21% amino acid identity) as Mint1 and LIN-10 both contain CID, whereas Mint2 does not.
Functional differences between Mint1 and Mint2 are not well understood.
To better understand the role of LIN-10 in regulating the localization of AMPARs in neurons, we used the C. elegans model system to characterize the domains of LIN-10 that are required to regulate GLR-1 trafficking and localization. We find that LIN-10 colocalizes with GLR-1 at the Golgi and at synaptic clusters through a specific amino-terminal region. We also find that the PTB and PDZ domains are essential for LIN-10 to regulate GLR-1 localization;
however, the PDZ domains do not seem to be important for vulval induction in epithelial cells.
In addition, the Mint2 vertebrate ortholog of LIN-10 can assume the functions of LIN-10 in neurons, and requires its amino-terminal residues for this purpose. Taken together, our data suggest that LIN-10 uses distinct domains to function in neurons and epithelia.
MATERIAL AND METHODS

Genetics and Strains
Standard methods were used to handle and maintain C. elegans (Wood, 1988) . We used the following strains: N2, lin-10(n1508), lin-10(n1390), lin-10(e1439), nuIs25, and lin-15(n765ts) (Herman and Hedgecock, 1990; Kim and Horvitz, 1990; Nonet et al., 1999; Burbea et al., 2002) .
Transgenes and Germline Transformation
Transgenic strains were isolated by microinjecting various plasmids (typically at 50 ng/µl) using either lin-15(+) (J. Mendel) or rol-6dm (C. Mello) as a marker. The glr-1::rfp transgene was generated by introducing sequences encoding monomeric RFP (RFP, R. Tsien)
into the HindIII site of sequences encoding the carboxy-terminus of a glr-1 cDNA (Campbell et al., 2002) . Sequences for the resulting chimeric protein were placed into the vector pV6, which contains the glr-1 promoter. The resulting plasmid was injected into nematodes and integrated into the genome by UV/trimethylpsoralen as previously described to generate odIs17 [glr-1::rfp] ( Yandell et al., 1994; Rongo et al., 1998) . The transgenic strain was backcrossed to a wild-type strain to remove other mutations introduced during the integration.
The following transgenes were introduced into the germline, and followed as extrachromosomal arrays. The lin-10::gfp transgene was generated by subcloning sequences encoding GFP in frame at the carboxy-terminus of a lin-10 cDNA, yk114c6 (Y. Kohara).
Sequences for the resulting chimeric protein were placed into the glr-1 promoter vector pV6.
Truncated versions of lin-10::gfp were generated by using a corresponding set of primers to make a PCR product of the partial lin-10 cDNA, which was then used to replace sequences, in frame, encoding the full length lin-10 cDNA in the lin-10::gfp transgene. Mutated versions of lin-10::gfp were generated by using oligonucleotide-mediated mutagenesis to introduce sequence changes into a lin-10 cDNA that result in amino acid substitutions. The mutated versions were then used to replace the lin-10 cDNA in the lin-10::gfp transgene. The rescuing P glr-1 ::lin-10 transgene was generated by subcloning the full length lin-10 cDNA into pV6. To examine the rescuing activity of LIN-10 with various amino acid substitutions, the mutated versions of lin-10, generated as described above, were subcloned into pV6. The rescuing P lin-31 ::lin-10 transgene was generated by subcloning the full length lin-10 cDNA into OR138, a plasmid containing sequences encoding the lin-31 promoter. To examine the rescuing activity of LIN-10 with various amino acid substitutions, the mutated versions of lin-10, generated as described above, were subcloned into OR138. All described constructs were confirmed by DNA sequencing. Animals were optically sectioned (0.4 µm), and out-of-focus light was removed with a constrained iterative deconvolution algorithm (VayTek).
To quantify the fluorescence levels of GFP-tagged proteins, images of nematodes were captured by CCD as above using a constant gain and exposure time ( 
Scoring Vulval and GLR-1 Localization Rescue
To test for rescue of glr-1 localization defects, P glr-1 ::lin-10 and its mutant variants were coinjected with rol-6(dm) DNA into lin-10; nuIs25 mutants. Multiple transgenic lines were obtained for each construct, and each line was scored as wild type for GLR-1 localization if the animal had a predominance of 3 micron diameter or smaller clusters, which comprise >95% of the clusters found in wild-type nematodes. Nematodes with larger clusters were scored as having the mutant phenotype. To test for rescue of vulval defects, P lin-31 ::lin-10 and its mutant variants were coinjected with myo-3::gfp DNA (A. Fire) into lin-10 mutants, and F1 were scored based on GFP expression in the pharynx. Each line was scored as wild type for vulval induction if they could form a functioning vulval opening and deposit eggs 48 hours into adulthood.
Animals that "bagged" or failed to lay eggs were scored as having the mutant phenotype. For both assays, 20-80 animals were tested for each line, and 3-5 lines for each genotype.
Sequence Comparisons
LIN-10/Mint sequences from various organisms were aligned by using the CLUSTALW algorithm. C. briggsae and C. remanei orthologs were identified using the Wormbase (www.wormbase.org) and the Wash. Univ. GSC (http://genome.wustl.edu/) BLAST search engine. Vertebrate and nematode sequences were compared using CLUSTALW, followed by manual adjustments to the gap size using JalView v1.8 Multiple Alignment Editor.
RESULTS
LIN-10 regulates GLR-1 abundance in dendrites
We previously determined that GLR-1 fails to be tightly localized to synaptic clusters in lin-10 mutants using a GLR-1::GFP translational fusion. To examine GLR-1 localization in colocalization experiments, we generated a transgene that expresses the full length translational fusion protein GLR-1::RFP (monomeric RFP; (Campbell et al., 2002) ). We coexpressed GLR-1::RFP with GFP-labeled synaptobrevin (SNB-1::GFP), which is localized to sites of presynaptic innervation. SNB-1::GFP, when expressed by the glr-1 promoter, has a localization pattern that is restricted to a subpopulation of interneuron-interneuron nerve terminals (Rongo et al., 1998) .
In wild-type nematodes, we detected GLR-1 at synaptic junctions labeled with localized SNB-
In nematodes homozygous for a lin-10 molecular null mutation, GLR-1::RFP failed to be localized at synaptic clusters and accumulated in large structures throughout the dendrite ( Fig. 1D-F ). Presynaptic clusters of SNB-1::GFP were present in lin-10 mutant dendrites (Fig. 1D ), demonstrating that lin-10 is not required for synapse formation or neuronal protein trafficking per se. Rather, our results suggest that LIN-10 regulates GLR-1 localization specifically.
The amino terminus of LIN-10 directs its localization
To begin to address how LIN-10 regulates the transport of GLR-1 receptors to synapses, we examined the localization of LIN-10 protein in neurons. We had previously generated a transgene that expresses a LIN-10::GFP fusion protein (with GFP at the carboxy-terminus), and found that this transgene rescues the lin-10 mutant phenotype and is localized to punctate structures along the ventral cord dendrites ( (Rongo et al., 1998) and Fig. 1G-I (Rongo et al., 1998; Rolls et al., 2002) . Interestingly, LIN-10 vertebrate homologs are localized to the Golgi as well, suggesting that LIN-10 might conduct its regulatory function of receptors at one of the earliest steps in the secretory pathway (Whitfield et al., 1999; Biederer et al., 2002; Stricker and Huganir, 2003) .
To determine which amino acids in the LIN-10 protein are responsible for its subcellular localization, we generated truncated variants of the LIN-10::GFP transgene by removing different sequences of the protein while placing GFP in frame at the carboxy-terminus of each partial protein. Each variant transgene was then introduced into the germline of lin-10 mutants to observe subcellular localization in the absence of endogenous LIN-10 protein. We found that several different domains could direct the localization of GFP to distinct subcellular compartments (Fig. 2) . The amino-terminal half of LIN-10 (amino acids 1-574) was sufficient to be localized to perinuclear structures in the cell body ( Fig. 2E ) and to punctate structures in the ventral cord dendrites (Fig. 2F) .
In an attempt to further dissect the amino-terminal domain, we found that the first 381 amino acids could direct localization to synaptic clusters and to Golgi, although less efficiently than LIN-10(1-574)::GFP (Fig. 2G,H however, we found that this sequence prevented the translocation of the fusion protein into the nucleus (Fig. 2I ). This was surprising as GFP alone (Fig. 2C ) or fused to other domains of LIN-10 similar or greater in size than LIN-10(373-574) were present both in the cytosol and the nucleus (data not shown), suggesting that sequences within LIN-10(373-574) can anchor the protein in the cytoplasm. Alternatively, this domain could contain a nuclear export sequence that prevents its nuclear accumulation; however, we could find no known export signal within this domain.
We also examined whether the carboxy-terminal half of LIN-10, which contains the PTB and PDZ domains, can direct protein localization. To address this issue, we examined the localization of a fusion protein containing individual protein-protein interaction domains of LIN-10 fused to GFP. We found that none of the fusion proteins that contain carboxy-terminal sequences were sufficient to direct localization to the Golgi or to synaptic clusters (data not shown). Interestingly, the PTB domain alone was sufficient to direct localization to the nucleus (Fig. 2K) . However, if amino-terminal sequences of LIN-10 were fused to the PTB domain, the resulting chimeric protein was retained in the cytoplasm. For example, LIN-10(1-766), while not localized to the Golgi, nevertheless was excluded from the nucleus (Fig. 2O) . We scanned the amino acid sequence of the PTB domain, but failed to find any known nuclear localization signals. One explanation could be that the PTB domain, a well characterized protein-protein interaction motif, binds a protein that can translocate into the nucleus. In that case, perhaps full length LIN-10 acts to regulate the nuclear translocation of this factor. Unexpectedly, we found that a mutation that impairs PTB domain function did not prevent nuclear accumulation of the PTB domain (data not shown), raising the possibility that this domain could be multi-functional.
To determine whether amino acids 1-574 of LIN-10 colocalize with GLR-1 in the Golgi, we generated a transgene, called LIN-10(1-574)::RFP, containing the amino-terminal amino acid sequences of LIN-10 fused to sequences encoding RFP. We introduced transgenes expressing LIN-10(1-574)::RFP, GLR-1::CFP, and MAN::YFP into the germline, and found that their proteins colocalized to the same punctate structures within the cell body (Fig. 3A-D) . To determine if this same amino acid sequence directs localization to GLR-1-containing clusters in dendrites, we introduced the LIN-10(1-574)::GFP transgene into nematodes that express GLR-1::RFP. Wild-type endogenous LIN-10 was present to ensure that GLR-1::RFP was clustered.
We found that ventral cord clusters of LIN-10(1-574)::GFP (Fig. 3E ) colocalized with GLR-1::RFP (Fig. 3F ) in dendrites. We also found that LIN-10(1-574)::RFP and GLR-1::GFP colocalized in dendrites, although the intensity of LIN-10(1-574)::RFP was less than LIN-10(1-574)::GFP (data not shown). Our results demonstrate that the amino terminal half of LIN-10 is sufficient to direct protein localization to Golgi and to GLR-1-containing synaptic clusters.
Distinct LIN-10 functions have different requirements for the PDZ and PTB domains
As the amino terminal half of LIN-10 was sufficient to direct its localization in neurons, we reasoned that the carboxy-terminal half of LIN-10, including the PTB and PDZ domains, might be required for neuronal function. To determine if specific domains of LIN-10 are required for its disparate functions in neurons and epithelial cells, we generated rescuing minigenes that included the full length LIN-10 cDNA expressed by either the glr-1 promoter, which expresses in the interneurons, or the lin-31 promoter, which expresses in the vulval precursor epithelial cells. We called the transgenes P glr-1 ::LIN-10 and P lin-31 ::LIN-10, respectively. We introduced the transgenes into lin-10 null mutants, and observed their ability to rescue GLR-1 localization or vulva induction, respectively. Introduction of the P glr-1 ::LIN-10 transgene into lin-10 mutants robustly rescued the GLR-1 localization defect (Fig. 4C,I ). In addition, introduction of the P lin-31 ::LIN-10 transgene into lin-10 mutants rescued the vulval induction of these animals to levels similar to what has been observed previously (Fig. 4J ) (Whitfield et al., 1999) .
To determine which domains of LIN-10 are required for function, we introduced into the PTB and PDZ domains amino acid substitutions that have been shown to impair their function.
For the PTB domain, we made a transgene, called , in which we introduced a phenylalanine to valine substitution that impairs the ability of X11α/Mint1 to bind to APP (Borg et al., 1996) . For the first PDZ domain, we made a transgene, called LIN-10(KK778AA), with amino acid substitutions at lysines that are critical for function (Doyle et al., 1996; Morais Cabral et al., 1996) . We also generated a transgene, called LIN-10(GI785PA), in which we altered the conserved GLGF domain, which adopts a critical structural orientation necessary for the PDZ domain to bind its partners (Doyle et al., 1996; Morais Cabral et al., 1996) . For the second PDZ domain, we made a transgene, called LIN-10(RR868AA), with amino acid substitutions that prevent binding to the PDZ recognition motif (Doyle et al., 1996; Morais Cabral et al., 1996) .
Each of these variant transgenes was placed under the control of either the glr-1 or the lin-31
promoter, then introduced into lin-10 null mutants to measure their ability to rescue. We also generated GFP-tagged versions of these proteins to examine the stability and localization of LIN-10 proteins harboring these mutations. We found that all of the LIN-10::GFP variants were stably produced and localized to Golgi and synaptic clusters similar to wild-type LIN-10 ( Fig.   4H and data not shown).
Interestingly, the mutation in the PTB domain impaired the ability of the transgenes to rescue both the vulval induction and the GLR-1 localization phenotypes (Fig. 4E,I ,J), suggesting that the PTB domain is critical for both functions. Surprisingly, we found that both the LIN-10(KK778AA) and LIN-10(GI785PA) transgenes, which contain mutations in the first PDZ domain, rescued the vulval induction to levels similar to wild-type LIN-10 cDNA rescue ( Fig. 4J and data not shown), but did not rescue the GLR-1 localization defects in lin-10 mutants (Fig.   4F,I ). We also found that the transgenes with mutations in the second PDZ domain rescued the vulval induction defect but did not rescue the GLR-1 localization defect (Fig. 4G,I ,J). Our results suggest that, whereas the PTB domain is commonly used by LIN-10, the PDZ domains are utilized differentially in neurons versus epithelial cells.
Mutations in lin-10 were originally identified based on the vulval induction defect.
Interestingly, 13 of the 14 isolated alleles are molecular nulls, whereas lin-10(n1390) is an amino acid substitution (P27S) (Whitfield et al., 1999) . We examined GLR-1::GFP localization in lin-10(n1390). Unexpectedly, we found that GLR-1 was properly localized even though these mutants are defective for vulval induction (Fig. 4D,I ), suggesting that P27, an amino-terminal residue of LIN-10, is important for vulval induction but not for GLR-1 localization. As P27S falls within the region that we identified as essential for directing LIN-10 localization, we tested if a LIN-10(P27S)::GFP transgene would produce localized LIN-10 protein. We found that LIN-10(P27S)::GFP is correctly localized in neurons, consistent with it being able to rescue GLR-1 localization in these cells (Fig. 4H) . Thus, we have identified mutations in protein that abolish epithelial function (P27S), neuronal function (KK778AA, GI785PA, RR868AA), or both (F724V).
Neuronal functions of LIN-10 are conserved within Mint2
The Mint1 and Mint2 proteins share a similar domain organization with LIN-10. We were interested in how these proteins are conserved evolutionarily, since the conservation of amino acids between distantly-related species provides an indication of their sequence importance. As a first step, we examined the sequence conservation of LIN-10 orthologs between nematode species. ESTs and genomic sequence for LIN-10 orthologs are present in C.
briggsae and C. remanei, and appear to be well-conserved within Caenorhabditis (80% of the LIN-10 residues are identical (89% similar) among all three orthologs; Supplementary Fig. 1 ).
We next generated multiple tail sequence alignments for Mint1 and Mint2 from different vertebrate species ( Supplementary Fig. 2 and Fig. 3) , and used the consensus from these alignments to seed a multiple alignment with nematode LIN-10 sequences (Fig. 5A) . The PTB and PDZ domains are well-conserved between vertebrates and nematodes, showing 61% identity (78% similarity) for the PTB domain, 54% identity (75% similarity) for the first PDZ domain, and 75% identity (92% similarity) for the second PDZ domain. Sequence alignments between
Mint1 and LIN-10 also indicate the presence of conserved residues in the amino-terminus, particularly within CID (Fig. 5A ). Among the three vertebrate sequences and three nematode sequences, CID is conserved with 63% identity (67% similarity) and 82% identity (90% similarity), respectively. Between vertebrates and nematodes, CID is less well conserved (22% identity, 29% similarity). However, C. elegans LIN-10 is capable of binding to vertebrate CASK, suggesting that this low level of sequence conservation can nevertheless conduct at least part of the function of CID (Borg et al., 1998) .
From the sequence alignments, we hypothesized that a LIN-10/Mint ancestral protein might have diverged in vertebrates into two proteins with different functions mediated by their divergent amino-terminal domains. We explored this idea by testing if Mint1 or Mint2 could rescue the GLR-1 localization phenotype of a lin-10 mutant. We generated P glr-1 ::Mint1 and P glr-1 ::Mint2 transgenes by placing their respective cDNAs under the control of the glr-1 promoter.
We introduced the transgenes into lin-10 null mutants, and observed their ability to rescue GLR-1 localization. Introduction of the P glr-1 ::Mint1 transgene into lin-10 mutants only mildly rescued the localization defect (Fig. 5C ). By contrast, the P glr-1 ::Mint2 transgene rescued the GLR-1 localization defects of lin-10 mutants to a similar level as rescue by P glr-1 ::LIN-10. We also tested whether Mint1 or Mint2, expressed by the lin-31 promoter, could rescue the vulval induction defects of lin-10 mutants; however, we found that neither gene rescued (data not shown).
One explanation for why Mint2 can rescue GLR-1 localization whereas Mint1 cannot is that the divergent sequences in the amino-terminal half of these proteins could conduct distinct functions. Alternatively, the carboxy-terminal half (i.e., the PTB and PDZ domains) of Mint2 might have a small number of critical sequence changes with respect to Mint1 that allow it to substitute for LIN-10. To test this hypothesis, we generated Mint protein chimeric transgenes by fusing the amino-terminal sequences of Mint1 to the carboxy-terminal sequences of Mint2 (P glr-1 ::M1/M2), and by fusing the amino-terminal sequences of Mint2 to the carboxy-terminal sequences of Mint1 (P glr-1 ::M2/M1) (Fig. 5B ). Whereas the P glr-1 ::M1/M2 transgene did not rescue the GLR-1 localization defect, we found that the P glr-1 ::M2/M1 transgene rescued to similar levels as P glr-1 ::Mint2 (Fig. 5C ). Taken together, these results demonstrate that the PTB and PDZ domains of Mint1 and Mint2 are functionally equivalent with respect to GLR-1 localization, but that Mint2 possesses critical sequences in its amino-terminal half that can facilitate AMPAR localization.
DISCUSSION
In this study, we used three approaches to delineate which domains of the LIN-10 protein are required for function in neurons and in epithelial cells. First, we identified a region of the LIN-10 protein (amino acids 1-574) that is sufficient to direct localization of a heterologous protein to the Golgi and to postsynaptic densities, where full-length LIN-10 protein resides.
Second, we used a lin-10 mutant C. elegans strain to assay the activities of versions of LIN-10 harboring mutations in the PTB and PDZ domains. We found that the PTB and PDZ domains are required for the neuronal function of LIN-10, but only the PTB domain is required for the epithelial function of LIN-10. In addition, a single point mutation in the amino terminus of LIN-10, P27S, abolishes epithelial function, but not neuronal function. Finally, we assayed Mint1
and Mint2 (two mammalian homologs of LIN-10) and chimeric versions of these proteins for their ability to rescue the GLR-1 localization defects in a lin-10 mutant C. elegans strain. We found that Mint2 and a Mint2/Mint1 chimeric protein could substitute for LIN-10 function, whereas Mint1 and a Mint1/Mint2 chimeric protein could not substitute for LIN-10 function.
Based upon these results, we propose that, in C. elegans, LIN-10 utilizes distinct domains to direct the localization of AMPARs in neurons and to direct the localization of EGFRs in epithelial cells (see Figure 6A ). Furthermore, we posit that Mint1 and Mint2 evolved to mediate distinct functions in vertebrate neurons through their divergent amino terminal domains (see Figure 6B ).
It has previously been shown that, in addition to LIN-10, two other PDZ domaincontaining proteins, LIN-2 and LIN-7, are required to direct the basolateral localization of EGFRs Whitfield et al., 1999) . In vitro binding studies demonstrated that LIN-2, LIN-7 and LIN-10 form a tripartite complex wherein LIN-10 interacts with LIN-2 via the CID domain ( ; see Figure 6A ). Currently, it is thought that this tripartite complex resides at the basolateral membrane of epithelial cells to mediate the correct localization of EGFRs. Our work shows that the PTB domain of LIN-10 is required for vulval induction (see Figure 4J ), suggesting that one or more additional proteins contribute to the function of the LIN-2/LIN-7/LIN-10 complex. Perhaps the PTB domain mediates interactions with protein(s) required for the downstream signaling of EGFRs in vulval epithelial cells, since this domain is not required for localization of LIN-10 or for formation of the LIN-2/LIN-7/LIN-10 complex.
The LIN-10 protein is present in the Golgi and at the plasma membrane in both epithelial cells and neurons ( (Whitfield et al., 1999) ; see Figure 1 ). We found that an amino-terminal fragment of LIN-10, LIN-10(1-574), can colocalize with GLR-1 at the Golgi and at synapses.
Presumably LIN-10(1-574) colocalizes with GLR-1 either because amino acids 1-574 are directing this localization, or because amino acids 1-574 are multimerizing with the endogenous wild-type LIN-10. We favor the former possibility because in a lin-10 null mutant background, LIN-10(1-574) forms clusters that are similar both in size and number to those in a wild-type background. Nevertheless, we cannot exclude the formal possibility that LIN-10(1-574) can cluster in a lin-10 mutant, but that these clusters are not colocalized with GLR-1, because lin-10 mutants fail to localize GLR-1 and thus preclude any examination of colocalization with LIN-10(1-574) in these mutants.
We did not identify a region of the LIN-10 protein that localized only to the Golgi or only at the plasma membrane, but we did observe partial localization activity mediated by amino acids 1-381. Whereas full-length LIN-10 and amino acids 1-574 localized to the Golgi and to a similar number of synaptic clusters, amino acids 1-381 localized to the Golgi and to significantly fewer synaptic clusters (see Fig. 2 ). Since the sizes and fluorescent intensities of all synaptic clusters were comparable (data not shown), amino acids 1-381 seem to be as efficient as fulllength LIN-10 at localizing to a subset of synaptic clusters. Therefore, amino acid sequences in LIN-10 may direct protein localization to specific synaptic sites. Interestingly, the CID domain is present in amino acids 1-574, but absent from amino acids 1-381. Thus, because LIN-2 and LIN-7 are not required for the neuronal function of LIN-10, the CID domain may interact with as yet unidentified neuronal proteins that play a role in directing synaptic localization of LIN-10.
Consistent with the idea that an amino-terminal region of LIN-10 directs localization, we found that mutations in the PTB and PDZ domains did not affect protein localization. By contrast, a recent report characterizing the functions of Mint1 and Mint2 in cultured mammalian neurons suggested that the PDZ domains of Mint2 are necessary, but not sufficient, for protein localization (Stricker and Huganir, 2003) . One difference between this study and ours is that our experiments were performed in the absence of endogenous LIN-10 using a lin-10 null strain of C. elegans, whereas Stricker and Huganir used cultured neurons that express endogenous Mint1 and Mint2 protein.
Mint1 and Mint2 are the vertebrate homologs of LIN-10 that are expressed exclusively in brain (Okamoto and Sudhof, 1997) . Like LIN-10, both Mint1 and Mint2 localize to the Golgi and to synaptic clusters (Okamoto et al., 2000; Stricker and Huganir, 2003) . The Mint proteins and LIN-10 share highly similar PTB and PDZ domains (see Figure 5A ), but have divergent amino terminal regions. Most notably, Mint1, but not Mint2, has a CID through which it can interact with CASK, the vertebrate homolog of LIN-2 (Borg et al., 1998) . Interestingly, we found that Mint2, but not Mint1, rescued AMPAR mislocalization in a lin-10 mutant strain of C.
elegans. We also tested if Mint1 and Mint2 could rescue the vulval defect in lin-10 mutants, but
could not see significant rescue with either clone (data not shown). This result was not surprising since Mint1 has the CID but lacks P27, whereas Mint2 has P27 but lacks the CID, and both P27 and the CID are required in LIN-10 for vulval induction.
Currently, the functions of Mint1 and Mint2 remain unclear. However, based upon their subcellular localization and their ability to interact with multiple proteins (for example, Munc-18, KIF-17, presinilin-1, βAPP, neurexins, glutamate receptors, activated Arfs) it is plausible to suggest a role for these proteins in general secretory trafficking (Okamoto and Sudhof, 1997; McLoughlin et al., 1999; Biederer and Sudhof, 2000; Lau et al., 2000; Setou et al., 2000; Hill et al., 2003; Stricker and Huganir, 2003) . We conclude that the divergent amino-terminal region of
Mint2 is required to direct GLR-1 localization, since a M2/M1 chimeric protein could substitute for LIN-10, whereas a M1/M2 chimeric protein could not. Thus, Mint1 and Mint2 are likely to perform distinct functions in neurons, and specificity of function appears to be mediated by the amino-terminal domains of these proteins. Perhaps the Mint proteins derive specificity for particular cargo molecules from their divergent amino-terminal regions.
How does LIN-10 regulate GLR-1 translocation in neurons? As LIN-10 colocalizes with GLR-1 at the Golgi via its amino-terminal domain, one possibility is that LIN-10 acts to regulate GLR-1 trafficking as it passes through the Golgi. Alternatively, LIN-10 might act at synapses to anchor the GLR-1 protein. Based upon in vitro binding studies using only the PDZ domains of Mint2 and a portion of the carboxy-terminal tail of GluR1, it has recently been suggested that there is a direct interaction between AMPARs and Mint proteins (Stricker and Huganir, 2003) .
However, we previously reported an inability to detect direct binding between LIN-10 and GLR-1 by GST affinity chromatography and co-immunoprecipitation (Rongo et al., 1998 
